An immobilized sludge system model was developed to simulate nitrification (NH 4 -N → NO 3 -N) and denitrification (NO 3 -N → N 2 ) processes in a PEG-pellet (microorganisms entrapped in polyethylene glycol (PEG)) reactor for removing NH 4 -N from groundwater. The nitrification and denitrification processes were described by modifying the Michaelis-Menten kinetic incorporating the factors of dissolved oxygen, organic carbon and pH. The model consists of seven fixed parameters out of which the maximum velocity of nitrification (V m,ni ) was found to be the most sensitive. The model can be applied to predict the best operating condition (i.e., duration of intermittent aeration period and pellet ratio (PEG-pellet in reactor/reactor volume)) for different NH 4 -N concentrations. The model predicts that the highest efficiency to remove 45 mg/L of NH 4 -N can be achieved when the PEG-pellet reactor with 0.2 pellet ratio is operated under 6 h of intermittent aerations and the efficiency is strongly affected by the pellet ratio, especially when NH 4 -N concentration in the influent is higher than 60 mg/L. Key words | groundwater treatment, immobilized sludge system model, NH 4 -N removal, nitrification and denitrification, polyethylene glycol (PEG)-pellet ever a high NO 3 -N still remains in the water since both the systems are designed for nitrification (NH 4 -N converts to NO 3 -N) only. Less NO 3 -N is found in the zeolite adsorption system (Park et al. ), but its efficiency is low (66-86% only) and therefore may not yield treated water with NH 4 -N within the standard for drinking (i.e., 1.5 mg/L (WHO )). To overcome these issues, Khanitchaidecha
INTRODUCTION
Ammonium-nitrogen (NH 4 -N) contamination in groundwater has been found in several areas, for example, as high as 30 mg/L at Hanoi in Vietnam (Ha et al. a, b) , and as high as 62 mg/L in the Kathmandu Valley in Nepal (Khatiwada et al. ) among others. In general, the NH 4 -N contamination arises either from human activities like waste disposal, fertilizer use, contaminated land and wastewater discharge or produced naturally by mineralization of organic matter in situ and by sorption of metal oxide (i.e., Fe and Mn) (Buss et al. ) . The issue becomes one of major concern while using the water for drinking (Ersoy et al. ; Sigua et al. ) because the NH 4 -N may convert to nitrate-nitrogen (NO 3 -N) if exposed to oxygen (in air) for a long time and consumption of high NO 3 -N exceeding 11 mg/L may cause methemoglobinemia (blue baby syndrome) (WHO ). Therefore, methods have been developed for removing NH 4 -N from groundwater, such as swim-bed reactors (Ha et al. a, b) , biofilters (Stembal et al. ) and clinoptilolite zeolite (Park et al. ) . The swim-bed reactor and biofilter (Ha et al. inadequate for simulating the nitrification and denitrification processes in the PEG-pellet reactor because of at least three reasons: (i) they use different polymers (others than PEG), (ii) they need entrapped microorgainsims data (such as number of bacteria, bacteria density, their growth rate and decay rate, which are difficult to get in some cases) as parameters in the model, and (iii) the pH change during operation, which could have a strong effect on the activity of nitrifiers and denitrifiers and NH 4 -N removal efficiency (Anthoniou et al. ; Glass & Silverstein ) , are not included in these models. Although the pH could be controlled by adding acid and alkaline solutions (i.e., HCl and NaOH)which is a normal practice while treating wastewaterit may be inappropriate to use chemicals with the PEG-pellet reactor as the treated groundwater will be used for drinking. And therefore, we need a new model that could handle the variation in pH as well.
The objective of this study, therefore, is to develop an immobilized sludge model for the PEG-pellet reactor that can incorporate the pH change and microorganisms number (through some parameters). The pH in this model is incorporated by modifying the Michaelis-Menten kinetic whereas the number of microorganisms is dealt with through a fixed parameter (maximum velocity of nitrification/denitrification -V m,ni /V m,de ) in the model equations. The model predicts NH 4 -N and NO 3 -N concentrations in the effluent (treated groundwater) under various NH 4 -N concentrations in the influent (raw groundwater).
The model would be useful for suggesting the best operating condition of a PEG-pellet reactor for removing NH 4 -N from groundwater.
MATERIALS AND METHODS

Operating conditions of the PEG-pellet reactor
The experimental set-up and operating conditions of the NH 4 -N removal process are illustrated in Figure 1 (1)) reached 95-100%. No NH 4 -N was found, and a low NO 2 -N and NO 3 -N of 0-0.1 and 0-1.0 mg/L respectively remained in the effluent. This phenomenon reflects that the nitrifiers and denitrifiers were cultivated and enriched in the PEGpellet. During operation, the intermittent aeration was controlled by a timer. The DO concentration was measured by a DO meter (Hiriba OM-51) and the temperature was controlled at 25 ± 2 W C by a water bath.
Since the influent NO 2 -N and NO 3 -N were negligible and total N indicates a sum of NH 4 -N, NO 2 -N and NO 3 -N, the total N removal efficiency can be calculated as
Equation (1). The NH 4 -N, NO 2 -N and NO 3 -N concentrations in both influent and effluent were measured using the phenate, colorimetric and ultraviolet spectrophotometric screening methods, respectively in accordance with the standard method for the examination of water and wastewater (APHA ). % Total N removal efficiency
Model description and assumptions
The concept of this model is that NH 4 -N in groundwater is removed by nitrification and denitrification processes (Equations (2) and (3)). The processes are defined by mathematical equations based on the Michaelis-Menten kinetic (Equations (4) and (5)). The nitrification model (Equation (4) (4)) is expressed by limiting the effect of oxygen on nitrification, while the relation between denitrification rate and DO (in Equation (5)) is a kind of inhibition.
Nitrification:
Denitrification:
In Equations (4) and (5), r ni is the nitrification rate (NH 4 -N removal rate) (mg/L-h) during aeration and non-aeration periods, r de is the denitrification rate (NO 3 -N removal rate) (mg/L-h) during aeration and non-aeration periods, DO is dissolved oxygen (mg/L) whose value is kept constant during simulation (i.e., 6 mg/L in the aeration and During aeration period without acetate
During non-aeration period with acetate (no NH 4 -N exist):
Other conditions:
The concentration of acetate (C ) in Equation (4) in a series of the reactor in time sequence is calculated by Equation (9), in which C 0 is the initial acetate (mg-C/L), C de (amount of acetate consumed for denitrification) depends on the NO 3 -N consumed (NO cons ) which can be calculated using Equation (10), and C oxi (acetate consumption for poly-β-hydroxybutyrate (PHB) production and other oxidation processes) can be calculated using
Equations (11) and (12). The C oxi can be identified by the experiments fed with the influent containing no NH 4 -N and various acetate concentrations.
During aeration period:
During non-aeration period:
The model is subject to the following assumptions: 4. The 2% of NH 4 -N is removed by accumulating in microorganisms (C 5 H 7 NO 2 ) and the remaining 98% is converted to NO 3 -N form (Equation (2)). No NO 2 -N accumulation occurrs in the system.
5.
There is no suspended bacteria occuring in the system.
Determination of model parameters
Equations (4) and (5) Pellet ratio ¼ PEG-pellet in reactor (L) reactor volume (L) ð13Þ
RESULTS AND DISCUSSION
Model parameter values from laboratory experiment
The V m,ni and K m,ni were determined using Equation (14) Table 1 . Figures 2 and 3) show that the MAE increases with K O for NH 4 -N (Figure 2(a) ) while it decreases for NO 3 -N ( Figure 2(b) ). The MAE at K O ¼ 1.0 was found to be accep- their study (Leenen et al. ) . For the K I,O reported, values for an immobilized sludge were not available. However, the higher value in this study (K I,O ¼ 1.8) than an activated sludge system (K I,O ¼ 0.2 reported by IWA ()) reflects that oxygen has less effect on inhibiting the denitrification of immobilized sludge than that of activated sludge. The oxygen gradient crossing the pellet radius suggests that the anaerobic area could occur in the pellet core under high bulk DO (Kotlar et al. ) . (Figures 4(c) and (d)). However, the simulated NO 3 -N profile is absolutely higher than the experimental one for a typical cycle (12 h) because of a lack of organic carbon (i.e., acetate) for denitrification in the later hours of the cycle. The acetate deficiency results in the accumulation of NO 2 -N from partial denitrification (NO 3 -N → NO 2 -N), the process not considered in this model, thus, leading to higher NO 3 -N in the simulation than in the experiment. In this section, it can be concluded that the model can predict well under intermittent aeration and the prediction is acceptable under continuous aeration.
Model calibration
Model validation
Parameter sensitivity
The parameter sensitivity for seven fixed parameters (K m,ni , the 6 h intermittent aeration reactor was decreased by 6.6 when the V m,ni value deceased 15%. Therefore, the V m,ni was found to be the most sensitive parameter in this model, followed by K m,ni and K O .
Model application
The immobilized sludge model was applied to predict the NH 4 -N profile, NO 3 -N profile and efficiency of the PEGpellet reactors operating under various conditions (e.g., for a long-term operation and various intermittent aeration periods, pellet ratios and NH 4 -N concentrations). They are discussed below.
Prediction for a long-term operation
The predicted efficiencies of the PEG-pellet reactors operating under 2 and 6 h intermittent aeration periods were stable for a long-term operation of 96 h ( Figure 5 ). This is because the reactors were operated under batch-fed mode and, as a result, the NH 4 -N and NO 3 -N remaining were not accumulated for the next batch. A slightly higher prediction in the efficiency of the second round is related to the dilution of fresh NH 4 -N contamined groundwater (∼2.2 L) by the water remaining in the reactors (∼0.2 L). The dilution resulted in final NH 4 -N concentration in the reactors being lower than that during the feeding (i.e., 45 mg/L). In addition, the NH 4 -N and NO 3 -N profiles for all the rounds were predicted to have the same trend as that of the initial round. These stable nitrification and denitrification rates for a long-term operation are due to the assumption of steady microorganisms in the model. Therefore, the effect of increasing microorganisms on enhancing nitrification and denitrification rates was not found in this study. the NH 4 -N and NO 3 -N remaining at all intermittent aerations are summarized in Figure 6 . It can be seen that the efficiency increased from ∼44% at continuous aeration (0 intermittent aeration) to ∼60% at 1 h intermittent aeration, and the highest efficiency of ∼96% was found at the longest intermittent aeration of 6 h. A high NO 3 -N (of ∼25 mg/L) and no NH 4 -N remaining for the continuous aeration reactor reflects that the denitrification was ineffective while the nitrification occurred properly. In contrast, in the intermittent aeration reactors of 1 to 6 h, some NH 4 -N of 1-4 mg/L remained and the NO 3 -N decreased to zero with increasing intermittent aeration period. The phenomenon shows that the denitrification process could be enhanced by a long intermittent aeration operation. Therefore, the best operating condition of the PEG-pellet reactors to remove 45 mg/L of NH 4 -N contaminated groundwater is the 6 h intermittent aeration when the pellet ratio is fixed at 0.2. Under this condition, both nitrification and denitrification are most effective as indicated by no NO 3 -N and low NH 4 -N (<1.5 mg/L) in the effluent. The following section analyzes how the reactor performance varies with pellet ratio.
Reactor performance at various intermittent aeration periods
Reactor performance at various pellet ratios
To analyze the effect of pellet ratio on the reactor performance, the efficiency was calculated by varying the pellet ratio from 0.1 to 0.4 and keeping other parameters (i.e., NH 4 -N, DO, acetate) the same as the earlier simulation. The efficiency increased with the pellet ratio (Figure 7) for both the reactors operating under 2 and 6 h intermittent aerations. This reflects the enhancement in efficiency with increase in microorganisms in the reactor. However, at a low NH 4 -N concentration (i.e., 20 mg/L of NH 4 -N), the efficiency was in the same range of 95-100% for all pellet ratios (Figures 7(a) and (b) ). This is because at a low NH 4 -N concentration, even if the pellet ratio is high, NH 4 -N may be insufficient for all bacteria growth resulting in some bacteria dying, which further increases NH 4 -N through its decomposition (Abufayed & Schroeder ) ; and therefore, the lowest pellet ratio (i.e., 0.1 in this case) is the optimal one. Again, from Figures 7(a) and (b), it can be seen that at different intermittent aeration periods (i.e., 2 and 6 h), the efficiency is different, although the reactors contained the same pellet ratio and were fed with the same NH 4 -N concentration.
Therefore, to achieve NH 4 -N removal using the PEGpellet reactor, the factors of NH 4 -N concentration, pellet ratio and intermittent aeration period need to be considered.
The optimum of all those factors can be estimated via the simulation of an immobilized sludge model. The model can be used to suggest the best operating conditions of the 
